An enzyme was extensively purified from jack bean leaves (Canavalia ensiformis L.) which produced o-ureidohomoserine from L-canaline and carbamyl phosphate. The most highly purified preparations catalyzed both this reaction and citrulline synthesis from ornithine and carbamyl phosphate, and the ratio of the two activities remained nearly constant during purification.
like ornithine, canaline could condense with carbamyl phosphate in a reaction similar to that catalyzed by ornithine carbamyltransferase (EC 2. 1 .3.3), yielding o-ureidohomoserine.
MATERIALS AND METHODS
With the exception of DL-o-ureidohomoserine, biochemicals were obtained from Sigma Chemical Co. Hypatite-C was purchased from Clarkson Chemical Co., Williamsport, Pa. Protein concentration was determined by the procedure of Lowry et al. (7) , using a BSA standard. Disc Reactions were terminated with 0.1 ml of 3 N HCl, and H,O was added to a final volume of 1 ml. Turbidity, when present, was removed by centrifuging for 10 min at 12,000g. The tubes were kept in crushed ice until assayed. Both UHS and citrulline were assayed by the procedure of Hunningshake (4), modified slightly. To each cold 1-ml sample above, 1 ml of a cold, freshly prepared solution containing 1.5% diacetyl monoxime and 0.1 % semidine was added. After brief mixing, 0.50 ml of cold 75% (v/v) H2SO0 was added, followed immediately by thorough mixing on a Vortex mixer. For ureidohomoserine assays, the tubes were heated for 5 min in a 90 C water bath, placed in a test tube rack at room temperature for 5 to 8 min, and then 1 ml of 99% H,SO containing 10 mm FeCl, was added, taking care to direct the stream to the center of the tube, followed immediately by thorough mixing. For citrulline assays the tubes were heated for 9 min at 90 C instead of 5 min. UHS gave a ruby red color within 1.5 to 2.5 min of heating, although the color was enhanced by the H2SO4-FeCl, reagent, whereas little color development occurred where citrulline was assayed until the addition of this reagent. The wavelength of greatest absorbance for UHS was 544 to 545 nm, compared to 550 nm for citrulline. The absorbance of the solutions were read 15 to 60 min after the H,SO4-FeCl3 reagent was added (the tubes were kept at room temperature). Citrulline and UHS standards gave linear plots up to at least 0.4 ,umole. One unit of enzyme activity is defined here as that producing 1 by filtration. The filter cake was washed with 2 volumes of -40 C acetone and after further drying under vacuum (at 2-4 C) the powder was removed and spread evenly on paper and allowed to dry at room temperature for several hours, after which it was stored at -20 C. Twenty grams of the acetone powder were added to 360 ml of 25 mM phosphate buffer, pH 7.1, containing 4 mM mercaptoethanol and 1 mM EDTA. All steps (except the heat step) were performed at 0 to 4 C. After stirring mechanically for 20 to 25 min, the viscous solution was centrifuged for 15 min at 22,000g. The supernatant was filtered through three layers of cheesecloth to remove suspended matter. Solid ammonium sulfate was slowly added to 300 ml of the supernatant (4.7 mg protein/ml) to 45% saturation. After 15 min, the solution was centrifuged 15 min at 22,000g and the precipitate discarded. The supernatant was brought to 64% saturation with solid ammonium sulfate, and after 10 min was centrifuged as before. The pellet was dissolved in 25 ml of 25 mm phosphate buffer, pH 7.1, containing 2 mm mercaptoethanol and 1 mm EDTA. This solution was placed in a 125-ml thin walled Erlenmeyer flask and the flask was then placed in a 73 to 74 C water bath. The flask was swirled constantly until the temperature of the solution rose to 62 C, at which point the flask was removed and allowed to sit at room temperature for 1 min, and was then immersed in crushed ice. Ten minutes later the solution was centrifuged at 28,000g for 8 min. Ammonium sulfate was added to the supernatant to 64% saturation, and after 10 min was centrifuged, discarding the supernatant. Five milliliters of a 55% solution of ammonium sulfate (pH 7.4) were stirred into the pellet and after 15 min were centrifuged for 10 min, and the supernatant was discarded. The pellet was extracted with 2 ml of 50% ammonium sulfate for 15 min, followed by centrifugation. The supernatant was saved, and the pellet was extracted in 2 ml of 45% ammonium sulfate for 15 min. Following centrifugation, this supernatant was added to the 50% supernatant. These pooled extracts were applied to a 2.5 X 39 cm column of G-150 Sephadex equilibrated in 10 mm phosphate buffer, pH 7.1, containing 0.4 mm EDTA. Fractions of approximately 4.1 ml were collected, where the flow rate was 28 to 31 ml/hr. The six fractions of highest specific activity were pooled, and represented about 60% of the total units eluting from the column. The combined fractions were added to a 2.5 X 6 cm column of Hypatite-C (hydroxylapatite), and, after the solution had entered the bed, 65 ml of 0.1 M phosphate buffer, pH 6.8, containing 2 mm mercaptoethanol were applied to the column. The flow rate varied from 45 to 80 ml/hr, and 5-ml fractions were collected. After the first elution, 90 ml of 0.15 M phosphate buffer (pH 6.8) were added, and the enzyme began emerging in a sharp peak corresponding to the 0.15 M buffer, but considerable tailing of the enzyme occurred, with specific activity remaining fairly constant. Fourteen of the fractions of highest specific activity were pooled, and these contained about 75% of the total applied units.
Following the Hypatite-C chromatography the enzyme had been purified 167-fold, as summarized in Table I . The ratio of absorbance at 280:260 nm rose from 0.90 to 0.95 in step I to 1.6 to 1.75 after the Sephadex chromatography.
RESULTS
Stability of Enzyme. The most highly purified preparations lost about 12% of either activity after 8 days at 2 to 4 C, and both stage 3 and 5 enzyme (Table I) were heat stable, losing less than 25% of either activity after heating to 60 to 62 C for 1 min (protein concentration > 1 mg/ml).
Specificity of Enzyme. Jack bean seedlings contained an enzyme or enzymes catalyzing the carbamylation (by carbamyl phosphate) of both ornithine and canaline, yielding citrulline and o-ureidohomoserine, respectively. High canaline carbamyltransferase and ornithine carbamyltransferase activities also occurred in acetone powder preparations of immature seed pods of jack bean. It was not possible to separate these two activities during purification: in fact, the ratios remained nearly constant (Table I ). In the heat step, however, CCT either lost less than 4% of its activity or actually increased up to 15% in activity, while OCT always lost 10 to 25% of its activity. Following preparative electrophoresis on a Brinkmann Model FF apparatus, using enzyme purified 167-fold, 50% of the CCT activity was recovered in four consecutive fractions with a slight migration towards the anode. The ratio of CCT/ OCT (3 mm canaline or ornithine in assay) in each of the fractions was 1.20 to 1 .25. Electrophoresis in polyacrylamide gels (pH 8.6 ) was also performed. On the stained gel (70 ,ug protein) three distinct bands (two major and one minor) were seen. Elution of the protein from an analogous unstained gel showed that both activities were confined to the lowest of the three bands, and the ratio of activities was 1.01. Only about 6% of the activity of either enzymic activity was recovered.
If jack bean seeds were hydrated for 18 to 22 hr in distilled H20 before extraction, there was very little CCT activity but enzyme. This was true even though protein concentrations during heating were similar. When young seedlings (12 to 14 days old) were used, the heat step was also very deleterious, causing much inactivation of both activities, again unlike the case with older seedlings. Young seedlings also had much more OCT than CCT. Linearity. At nearly saturating levels of 12 mM L-canaline, UHS synthesis proceeded linearly for 20 min, and was proportional to enzyme level up to 2 /-tg of protein (step 6 enzyme).
pH Optimum. The pH optimum for the OCT activity was between 8.2 and 8.6, while that for the CCT activity was between 7.6 to 8 (Fig. 1) . The ratio of CCT/OCT at pH 7.8 (trisHCl) and pH 6.2 (phosphate) was 2.16 and 14.2, respectively.
Effect of Substrate Concentration. The reaction velocities versius substrate concentrations all yielded normal hyperbolic plots. The Kin for L-canaline was 3.8 to 4.1 mm (pH 7.8, 6 mM carbamyl phosphate), while that for L-ornithine was 1.1 mM (pH 8.3, 6 mm carbamyl phosphate). An accurate Km for Lcanaline could not be determined since that substrate was judged to be only about 80% pure (by TLC). The Vm,ax for CCT at nearly saturating (10 mM) levels of L-canaline was from 1.54-to 2.9-fold greater than for OCT (four preparations). The reason for this variation is not known. The Km values for carbamyl phosphate using 8 mM L-canaline or 6 mM L-ornithine were 1 mm and 1.1 mm, respectively.
Combinations of 6 mM L-ornithine and 12 mM L-canaline produced no higher absorbance between 545 to 550 nm than either substrate alone (pH 8).
Effect of Sulfhydryl Compounds, Chelators, and Metals. The CCT activity of dialyzed (sulfhydryl-free) enzyme was not significantly affected by 1 to 4 mm mercaptoethanol or 1 mM dithiothreitol, but 4 mm iodoacetate caused 30% inhibition.
Appropriate controls were run to correct for the slight effect of sulfhydryl compounds on the colorimetric assay.
EDTA, KCl, and MgCl, (1 to 5 mM) had no effect, while 2.5 mm ZnCI2 caused 80% inhibition of CCT.
Effect of Analogs and Other Compounds. 
DISCUSSION
Although an enzyme which catalyzes UHS synthesis efficiently has been isolated and partially purified from jack bean leaves, this does not prove that this pathway is utilized in vivo. Warren and Hunt (12) implied that since canaline had never been detected in the free amino acid pool of jack bean it might not, in fact, be synthesized or play a significant role in canavanine biosynthesis. However, not only can canaline be produced from canavanine degradation catalyzed by arginase or a similar enzyme (2) but its presence has recently been reported in jack bean (8) and in Astragalus sinicus (5 With respect to the pH optimum, it is possible that the much greater decline in activity at pH 6.2 for OCT relative to CCT is due to the relative protonation of the nitrogen atom of canaline versus ornithine, since canaline would be (since it is more amide-like) considerably less protonated at pH 6.2 than ornithine (an amine).
